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Storm events are expected to increase with climate change and can present challenges to 
wastewater infrastructure including outdoor waste lagoons associated with food animal 
production facilities. We examined different land uses and their effect on the presence of host 
specific markers and antibiotic resistance Salmonella after a natural disaster. Using qPCR and 
antibiotic resistance testing we compared surface water sites proximal to swine confined animal 
feeding operations (CAFOs) and background sites and compared their microbial water quality 
after Hurricane Florence. We found that watersheds with swine CAFOs had a higher 
concentration of the swine-associated marker Pig-2-Bac, and a higher concentration of multi-
drug resistant Salmonella compared to background sites. These results suggest that better 
infrastructure for managing swine manure may be needed, especially in areas prone to natural 
disasters, to limit fecal contamination of water resources and to prevent dissemination of 
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One of the US Environmental Protection Agency’s (EPA) concerns for surface waters is 
the risk of exposure to pathogens, and lists the most probable source of this contamination from 
agriculture field runoff (1). Concentrated animal feeding operations (CAFOs) are agricultural 
facilities that house and feed a large number of food animals in a confined space. According to 
an EPA estimate, livestock animals in the US produce about 3 to 20 times more manure than 
people do every year (2). Typically, CAFOs store large volumes of manure in deep, open-air 
lagoons which is often then sprayed onto spray fields as fertilizer. Depending on the animals diet 
and manure application procedures, pathogens, growth hormones, antibiotics, and chemicals can 
get into groundwater or surface water from runoff (3).  
In the United States, North Carolina is the second largest swine producer (4), and CAFOs 
have been identified as a nonpoint source pollutant for nutrients in surface waters in NC (5,6). In 
order to prevent groundwater infiltration or surface water runoff, manure must be applied in 
accordance with nutrient management plans (4). Livestock operations can not only transport 
nutrients, but can also transport pathogens and antibiotic resistant bacteria from CAFOS 
including zoonotic pathogens like Salmonella that are capable of infecting livestock and humans 
(7,8). It is a common practice in industrialized agriculture to give livestock antibiotics to prevent 
and treat disease. However, about 75% of antibiotics are not absorbed by the animal and are 
instead passed directly into their waste (8).  
Hurricanes can exacerbate the issue of groundwater infiltration and surface water runoff 
of potential pathogens. The total number of storms affecting NC between the years of 1851 and 
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2018 was 382, with an average of about 2.27 storms per year (9). These storms can cause 
lagoons to leak, overflow, or rupture, which can cause waste to spill onto land and surface waters 
(10). Due to the frequency of storms and the quantity of CAFOs in NC, this combination could 
potentially increase the spread of fecal contamination and zoonotic pathogens in surface waters.  
Microbial Source tracking (MST) is a tool to determine sources of fecal contamination in 
environmental waters (11). The applications, methods, and type of fecal indicator used for MST 
are diverse in each study and must be carefully thought out based on the water source and the 
study questions (11,12). Previous MST studies have reported human and animal fecal and viral 
contamination in water sources proximal to animal or sewage treatment plant facilities (13–15). 
These data suggest that exposure to pathogens from various water sources is possible and could 
result in increased disease in animals and humans.  
According to the Centers for Disease Control and Prevention (CDC), Salmonella, a 
zoonotic pathogen, causes around 1.2 million illnesses, 23,000 hospitalizations, and 450 deaths 
per year in the United States (16). Many of these illnesses are treated with antibiotics, and 
acquisition of antibiotic resistance in these bacteria could make treatments more difficult. 
Antibiotics are needed to treat many bacterial infections in animals and humans. However, an 
adverse effect of using antibiotics is the occurrence of resistance due to natural selection (17). 
Bacterial populations normally have some genetic variance that can carry mutations which make 
the bacteria resistant to antibiotics. In the presence of antibiotics, bacteria can acquire resistance 
in two ways: by mutation or by horizontal gene transfer within the microbial population (18). 
One of the biggest public challenges is the overuse and misuse of antibiotics in humans and 
animals which is causing the resistance to spread (19). Humans contribute to this problem when 
they take antibiotics for things that they do not help with such as viral infections, and or when 
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they do not complete their doses. Antibiotics are also used in food animal farming to treat and 
prevent disease and, until recently, for growth promotion (20). Salmonella isolates from animal 
sources have been reported to exhibit resistance to many classes of antibiotics (21–23).  
The NC Department of Environmental Quality (DEQ) regulates nutrients from CAFOs, 
but they do not regulate microbial transport (24). Testing surface waters for human and pig fecal 
indicators through microbial source tracking (MST) can help identify types of fecal 
contamination at particular sites (25). Although swine-associated MST markers have been 
validated in swine manure (13), and although the transport of pathogens from swine CAFOs to 
surface water is documented, no studies have compared the presence of host specific markers 
from sites with different land use related to swine production after a hurricane, or related the 
results to occurrence of zoonotic bacteria.  
The purpose of this study was to compare microbial water quality in watersheds with 
swine CAFOS and background sites following a major hurricane in NC. The specific research 
objectives were to 1. Quantify MST indicators including the swine-associated marker Pig-2-Bac 
and the human-associated marker HF183 in sites with and without swine CAFOs following 
Hurricane Florence, 2. Isolate presumptive Salmonella, a potential zoonotic pathogen, and 3. 
Determine antibiotic resistance of waterborne Salmonella from watersheds with and without 
swine CAFOS in NC.  
MATERIALS AND METHODS 
Surface waters were collected from watersheds with and without swine concentrated 
animal feeding operations (CAFOs) in North Carolina after Hurricane Florence. Of the 12 sites 
that we sampled, eight were CAFO sites and four were background sites. Each site was sampled 
a week after and a month and a half after hurricane Florence, September 24th and November 
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14th of 2018 respectively. It is important to mention that the second sampling event happened 
about a month after hurricane Michael rolled through NC. The stream sites were chosen based on 
a previous USGS study which studied water quality at these specific locations (26). A subsample 
of sites was chosen based on accessibility and flooding conditions. Swine sites were defined as 
watersheds that included agricultural land used for swine CAFOs including barns, lagoons, and 
spray fields without any permitted discharges or waste water treatment plants. Background sites 
were defined as watersheds with similar size and agricultural land use without any CAFOs or 
wastewater treatment plants (26). Approximately one liter of water was collected from each site 
at each sampling time and processed within 24 hours of collection at the laboratory at The 
University of North Carolina at Chapel Hill.  
Water sample collection and filtration 
Water samples were drawn from surface water using buckets previously sterilized with 
ethanol and then rinsed with DI. After the rinses, 3 full buckets of water were collected and 
aliquoted to sterile autoclaved Nalgene sample bottles labeled according to site name. We then 
waited until the water was stabilized and sediments settled to get another bucket full of water and 
fill containers. The sample bottles were transported to the lab on ice then stored overnight in a 4 
oC refrigerator before processing. All samples were analyzed within 24 hr of collection. For a 
quality control, we used 50 mL and 100 mL autoclaved Nalgene bottles filled with phosphate-
buffered saline (PBS) and opened them to the air for 3 seconds and then closed them. We filtered 
the 50mL from the PBS field blank controls onto the culture filters to verify that nothing grew. 
We also filtered 100mL for DNA extraction. Standard membrane filtration methods were used to 




Salmonella isolation and identification 
For the first round of sampling after Hurricane Florence, Salmonella was isolated using 
the traditional Bacteriological Analytical Manual (BAM) method. Each of the 12 samples was 
enriched in buffer peptone water (BPW) with the following dilutions: 10 ml of sample in 10 ml 
of 2x BPW, 1 ml of samples in 9 ml of BPW, and 0.1 ml of sample in 9.9 ml of BPW. Each were 
incubated at 41oC for 24 hours. Successful enrichments were put into Rappaport-Vassiliadis 
(RV) medium and incubated at 41oC for 24 hours. These samples were streaked using a 10-
microliter loop on to Salmonella-Shigella (SS) agar (Difco). If we could not get a distinct, 
isolated colony the samples were re-streaked onto SS agar (Difco) to produce isolated colonies. 
These plates were read for non-lactose fermenting Salmonella or 𝐻2𝑆 production which would 
produce a black color. The presumptive positives and negatives were stabbed and streaked onto 
TSI slants. A 10-microliter loop of the samples from the TSI slants were then streaked onto 
Tryptic soy agar (TSA). From the TSA they were saved in Tryptic soy broth (TSB) with 20% 
glycerol and stored at -80 C.  
Microbial source tracking  
We conducted microbial source tracking on 12 samples from two rounds of collection, 
totaling 24 samples. When the samples were being processed, 100 mL of each sample were 
filtered through 0.4um polycarbonate filters and saved in DNEasy PowerSoil kit bead tubes 
(Qiagen Inc, Germantown, MD) at -80oC until DNA extraction. Immediately prior to DNA 
extraction, we added 120 - 125 ng salmon testes DNA (Sigma-Aldrich, St. Louis, MO) to each 
bead tube as a sample processing control (SPC) and to an additional tube containing a clean 
membrane to serve as a negative extraction control (NEC). For the SPC the TaqMan primer and 
probes used were described in (27,28). We added salmon DNA to each extraction tube as a 
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sample processing control to estimate extraction efficiency, assess inhibition, and limit the effect 
of DNA binding substances in the eventual purified DNA (28). We extracted DNA using the 
PowerSoil kit according to the manufacturer’s protocol, with a final elution volume of 100 µL, 
with one exception in which we lysed the filters for two minutes on a Mini-Beadbeater (BioSpec, 
Bartlesville, OK) prior to extraction. The extracted DNA was aliquoted and stored in -80oC until 
qPCR was run on BioRad CFX96 Touch thermal cycler. All samples (n=24) were run with 
qPCR in duplicates targeting Pig-2-Bac, a swine fecal marker (13,29), and Bacteroides HF183, a 
human fecal marker (30) with the standards run in triplicates. The primers and probes used for 
Pig-2-Bac and HF183 were described in (31,32) and (27,33,34) respectively. Along with NEC, 
no template controls (NTC) were used by the DNA in the template with PCR clean water. To 
quantify the MST targets, the qPCR machine determines each sample’s quantification threshold 
(Cq). If the Cq was 3 cycles of above the standard then the sample was considered inhibited and 
would have been diluted and reanalyzed (35). Based on a previous study, a concentration 
calculated at Ct=39 was defined as the limit of detection (LOD) for all assays (36). Anything 
above a Ct value of 39 was considered below the limit of detection and could have been the 
result of amplification of nonspecific products and was therefore not included in the results. 
Sample copy numbers were estimated from the standard curve using the mean of the duplicate 
Cq values obtained for each sample.  
Antimicrobial resistance testing  
Antimicrobial resistance testing was performed on all 26 Salmonella isolates using the 
Kirby Bauer disk diffusion method with the exception of streaking from archived isolates to SS 
agar to TSA, to limit the selection of protease. The specific antibiotics were chosen by referring 
to National Antimicrobial Resistance Monitoring System (NARMS) and Clinical and Laboratory 
 
 7 
Standards Institute (CLSI) guidelines for recommended antibiotics to use for Salmonella (37). 
The amount of antibiotics sold for industrial animal use and human medicine use reported by the 
FDA, and the WHO risk assessment priority levels were also noted in the selection process of 
antibiotics (38–40). The isolates were tested against twelve antibiotics from seven different 
antibiotic classes with WHO risk assessment priority levels assigned (Table 1). Escherichia coli 
ATCC 25922 was used as the positive control for antibiotic resistance testing. The zone of 
inhibition measurements followed the CLSI guidelines, with the exception of three of the 
antibiotics: Ceftiofur, Levofloxacin, and Spectinomycin (41). For Ceftiofur, we used the 
manufacturers zone of inhibition measurements (BD BBL Sensi-disc). Levofloxacin and 
Spectinomycin did not have CSLI or manufacturer guidelines, therefore their zones of inhibition 
were charted in a histogram to see if there were any breakpoints to determine intermediate 
resistance and resistance.  
Table 1: Antibiotics used for antibiotic resistance testing of Salmonella isolates.  























































































Microbial source tracking  
We found that almost all of the swine sites were positive for both HF183 and Pig-2-Bac, 
at both sampling times, and at the background sites during the second sample time (Fig. 1). At 
Time 1 swine and human fecal contamination were both found at 7 of the 12 sites (58.3%). At 
Time 2 swine fecal contamination was found at 10 of the 12 sites (83.3%), while human fecal 
contamination was found at 12 of the 12 sites (100%). Swine fecal contamination was generally 
higher than human fecal contamination at swine sites at time 1, a week after hurricane Florence. 
However, at time 2, a little over a month after hurricane Florence, human fecal contamination 
was higher than swine fecal contamination at both type of sites. Swine fecal contamination was 
much higher at time 1 than at time 2 at swine sites. Swine and human fecal contamination were 
present at more sampling sites at time 2 (Fig.1). Human fecal contamination was higher than 
swine fecal contamination at both types of sites at Time 2. Human fecal contamination was 
higher at background sites compared to swine sites. Swine fecal contamination was higher at 
swine sites compared to background sites. Concentrations of swine fecal contamination were low 
at both background and swine sites at Time 2 (Fig.2). 
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Figure 1. 𝑙𝑜𝑔10𝑐𝑜𝑝𝑖𝑒𝑠/100𝑚𝑙 of the the specific target DNA from each sample site at Time 1 and Time 2. HF183 is the human 





Figure 2. 𝑙𝑜𝑔10𝑐𝑜𝑝𝑖𝑒𝑠/100𝑚𝑙 of the specific target DNA at each site type, background and swine site respectively, at Time 1 




Salmonella isolation  
From the first round of sampling, about a week after hurricane Florence, 26 Salmonella 
isolates were isolated from the 12 sample sites. 19 isolates came from 6 different swine sites 
(SW16, SW05, SW05U, SW09, SW17, SW05UC), while 7 isolates came from 3 different 
background sites (BK17U, BK16, BK15).  
 
Antibiotic resistance testing  
The Salmonella isolates were tested for antibiotic resistance to 12 different antibiotics 
from 7 different classes. Table 2 displays the results of this testing. For the antibiotics in the 
aminoglycosides class (S-10, GM-10, SPT-100) a warning was given by the CLSI guidelines, 
stating that they may seem active in vitro but are not effective clinically if tested against 
Salmonella (23). For this study, those isolates that were not resistant to an aminoglycoside class 
of antibiotics were reported as susceptible since these determinations are not being used 
therapeutically. GM and SPT zone sizes, those that did not have a CLSI guidelines, are shown in 
Figure 4. For the isolates tested against GM there was little variation in zone sizes, and therefore 
we reported these as susceptible to this antibiotic. For the isolates tested against SPT two showed 
had lower diameters than the other tested and we scored these two isolates as have reduced or 
intermediate susceptibility and the other 24 isolates as susceptible to the antibiotic. Of the 
isolates from the background sites 57.1% showed resistance to AmC, and had no resistance to 
any of the other antibiotics. Of the isolates from the swine sites 26% showed resistance to AmC, 
19% showed resistance to AM, C, and XNL, 15.7% showed resistance to CRO, S, TE, and SXT. 
None of the swine site isolates showed resistance to CIP, GM, LVX, or SPT. Swine sites were 
more likely to be resistant to a higher number of antibiotic classes (Table 2, Fig.3). Multi-drug 
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resistance, which is defined as being resistant to 3 or more antibiotic classes, was observed in 
21% of the 19 Salmonella isolates from swine sites, but not observed in 7 isolates from 
background sites (Fig.3). Multidrug resistance also appears to be associated with areas of higher 
risk of flooding (Fig. 5).  
 
Table 2. The number and percentage of Salmonella isolates from swine and background sites that 
showed resistance to antibiotics. Observed resistance does not include intermediate resistance. 
Amoxicillin-clavulanic acid (AmC-30), ampicillin (AM-10), ceftriaxone (CRO-30), 
chloramphenicol (C-30), ciprofloxacin (CIP-5), streptomycin (S-10), gentamicin (GM-10), 
levofloxacin (LVX-5), spectinomycin (SPT-100), tetracycline (TE-30), sulfamethoxazole-
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Figure 3. percentage of isolates from swine and background sites that had resistance to 0, 1 , 2 or more classes 






Figure 4. Zone of inhibition sizes for Salmonella against antibiotics gentamicin (GM-10) in blue and of 
spectinomycin (SPT-100) in red for each isolate. Zones of inhibition show areas where the antibiotics has been 




Figure 5. Shows the maximum number of classes that isolates from each site are resistant to. Also shows the areas 
that are at high risk for flooding.  
DISCUSSION 
In our study of the effects of flooding, we found higher concentrations of swine fecal 
contamination at time 1 right after Hurricane Florence compared to time 2 which was more than 
a month after. However, at time 1 swine fecal contamination was only at swine sites while at 
time 2 swine fecal contamination was at both swine and background sites. This suggests that the 
initial influx of water from the hurricane caused the lagoons and fields of CAFOs to flood into 
nearby surface water causing a surge of swine fecal contamination. After this, Hurricane Michael 
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passed and could have possibly caused the concentrations of swine fecal contamination to lower 
and spread due to a flush out effect. The swine fecal contamination in time 2 in background sites 
could be due to two major hurricanes happening in a row causing contamination from CAFOs to 
spread farther than usual. We found higher concentrations of human fecal contamination at time 
1 at background sites compared to time 2. This is could be due to the initial influx of water 
causing septic tanks to overflow and increasing fecal contamination in water sources. While the 
flood from the second hurricane caused the contamination to have a wash out effect, in which the 
concentrations were lower or returning to pre-hurricane Florence levels. We also found that 
swine site isolates showed resistance to multiple antibiotics while resistant background site 
isolates only had resistance to one type of antibiotic. Multidrug resistance was present in isolates 
from swine sites and not in isolates from background sites. This suggests that the bacteria 
coming from the CAFOs sites could has been exposed to more types of antibiotics more 
frequently and could be a cause for concern to public health.  
This study found similar results to previous literature in that we found swine specific 
markers in water sources proximal to CAFOs sites (13). However, this study differs in that we 
also found swine specific markers in background sites which was not seen previously. When the 
Pig-2-Bac marker was detected at background sites, the concentrations tended to be low. These 
low concentrations correspond to late Cq values (above 35), which could be due to the 
amplification of nonspecific products. Additional testing or sequencing of these samples could 
confirm the presence of swine-associated markers. 
This study also was similar to other studies in that the isolates of Salmonella were 
susceptible to gentamicin and ciprofloxacin (21,22). This could be due to the FDA banning 
fluoroquinolones, such as ciprofloxacin, for animal use over 15 years ago (42). Therefore, these 
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antibiotics are not used in veterinary medicine which could explain why levofloxacin was seen to 
be susceptible in this study as well (38). Although it differed in that this study’s isolates showed 
resistance to sulfamethoxazole-trimethoprim, while others had majority of samples susceptible to 
this particular antibiotic (21,22). This study also had common resistance patterns with the 
majority being resistant to amoxicillin-clavulanic acid, ampicillin, ceftiofur, and 
chloramphenicol (22,43). Penicillins (Amoxicillin-clavulanic acid and ampicillin) are widely 
used in humans and animals, and they are in the same class as penicillin which is naturally 
occurring and was the one of the world’s first antibiotics, all of which can explain why bacteria 
are commonly found to be resistant against this class of antibiotics (42).  
Limitations of this study included sample size in that samples were only collected from 
12 sites in which only 26 Salmonella isolates were obtained. Although the study was small it still 
had the ability to compare land uses and its effects on fecal contamination and antibiotic resistant 
Salmonella immediately after a hurricane. Another limitation was the lack of sequencing or PCR 
analysis to confirm Salmonella isolates. Although standard methods of isolation were used to 
isolate the bacteria, molecular analysis would have enabled us to confirm on a genetic level the 
classification of Salmonella and to speciate and perhaps to genotype the isolates. Another 
limitation is the Salmonella isolates were recovered only from the initial sampling event right 
after the hurricane. It would have been interesting to see the possibility of identical or different 
resistance profiles of Salmonella over time, but resources were not available to include the 
Salmonella testing during the second round of sampling.  
In future research we would like to look at the changes in antibiotic resistance and 
concentrations of specific fecal markers over a year time period. We will start with the data from 
Hurricane Florence and see how the levels change throughout the year, to see if this major 
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environmental event changes concentrations and antibiotic resistance for an extended period of 
time. In future research we would also like to serotype or genotype each Salmonella isolate to 
confirm what type of Salmonella are present in these areas. We will do this by using MALDI-
TOF mass spectrometry or by qPCR DNA analysis. This could tell us if specific strains of 
Salmonella are more likely to be resistant to certain antibiotics.  
Among the foodborne pathogens in the United States, Salmonella causes the most 
hospitalizations and death (44). Along with this, multiple drug resistance has been attributed to 
increases in morbidity and mortality (45). This study can contribute useful information to both 
human and veterinary sciences, and encourage the idea of One Health. One Health is the 
interdisciplinary collaboration and communication in human, animal, and environmental health. 
These findings support the discussion of how it is important use antibiotics responsibly in 
humans and animals.  
CONCLUSION 
This study reveals that watersheds from CAFO sites have higher concentrations of swine 
fecal contamination and higher percentage of Salmonella that is multi-drug resistant right after a 
hurricane. The resistant bacteria can contaminate surface waters from runoff or flooding. 
Humans could be exposed to these antibiotic resistant bacteria through wading in floodwaters, or 
through consumption of crops or fish from contaminated waters. An interdisciplinary discussion 
on the importance of using antibiotics responsibly in both humans and animals needs to be a 
priority. Also, better infrastructure of hog farm lagoons could help to prevent overflow and 
leakage from CAFO sites. With both of these ideas put forward this major public health concern 
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